In this research, the modeling, design, fabrication, and application of ECIS sensors in environmental monitoring are studied. The ECIS sensors are able to qualify the water toxicity through measuring the cell impedance. A novel mathematical model is proposed to analyze the distribution of electric potential and current of ECIS. This mathematical model is validated by experimental data and can be used to optimize the dimension of ECIS electrodes in order to satisfy environmental monitors. The detection sensitivity of ECIS sensors is analyzed by the mathematical model and experimental data. The simulated and experimental results show that ECIS sensors with smaller radius of working electrodes yield higher impedance values, which improves signal-to-noise ratio, which is more suitable in measuring the cell morphology change influenced by environments. Several ECIS sensors are used to detect the toxicant including, phenol, ammonia, nicotine, and aldicarb, and the decreasing cell impedance indicates the toxic effect. The gradient of measured impedance qualitatively indicates the concentration of toxicants in water.
Introduction
A large number of the world's population live in areas with high risks of environment. Industrialization and usage of nonbiodegradable and non-eco-friendly material are harmful to the environment. Rapid urbanization, increasing population, and extensive agriculture all are threats to the Earth's supply of fresh water. Clean and reliable drinking water can be guaranteed by periodic and extensive testing. Effectively and efficiently environmental monitoring approaches are
The mathematical model of electric cell-substrate impedance sensing (ECIS)
In order to monitor the environments effectively, systematically analyzing the relationship between the electric properties of measured subjects and output of ECIS sensors are needed. In this section, a model related to electric field distribution of ECIS sensing, which can be used in quantifying the ECIS sensor measurements, is created with a partial differential equation. The model of ECIS is established in cylindrical coordinates (r, θ, z) as shown in Figure 1 and simplified into polar coordinates (r, z) due to its axisymmetric property. Illustration of cell impedance sensing on a working electrode. The electric potential at the coordinate (r, z) is V (r, z). ρ and ρ1 are the resistivity of the cell culture medium and cytoplasm respectively. Zm1, Zm2 and Zn are the specific impedance of the basal, apical cell membrane, and electrode-electrolyte interface respectively (in Ωm). h1 is the average distance between the ventral surface of cell and electrode-electrolyte interface. h2 is the average thickness of the cell. d is the average horizontal distance between adhesive cells. Vc is the electrical potential on the working electrode.
The governing equation of electric field distribution of ECIS sensing (as shown in Eq. (1)) can be obtained from the differential form of Ohm's law between electric potential and current (as shown in Eq. (2)), Kirchhoff's circuit law at a point of interest (r, z) (as shown in Eq. (3)), and the gradient of electric potential (as shown in Eq. (4)). The solution of the governing equation is shown in Eq. (5), which is the same as the solution in Giaever et al. ECIS model when the variable z is held as constant [1, 2, 23, 29] . The detailed information about the mode can be referred to in [19] . These three coefficients A, D, and c are calculated as A = À2.3, D = 3.3, and c = 4749.83 by using the parameters listed in [19, [30] [31] [32] [33] [34] [35] [36] .
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where ρ is the resistivity of the cell culture medium (electrolyte); I 1 and I 2 are the current flowing through the point (r,z) in r and z directions, respectively; e r and e z are the unit vectors of the r and z directions; E is the electric field at any point (r,z); V is the electric potential at the point (r, z); and dI 1 and dI 2 are the infinitesimally small currents of I 1 and I 2 . dI 1 and dI 2 have the same sign; I 0 2cr ð Þ is the modified Bessel function of the first kind; A, D, and c are the coefficients of solution V r; z ð Þ.
The calculated impedance of a single cell
In this model, the impedance of a single cell (Z single cell ) is able to be calculated by dividing the electric potential difference between the apical V(r c , h 1 ) and ventral surfaces of a single cell V(r c , h 1 + h 2 )0 by the total current flowing through and around the cell, as shown in Eq. (6) .
where I 2 is the current flowing through a single cell, I j is the current flowing through the intercellular junction gap; h 1 is the average distance between the ventral surface of cell and electrode-electrolyte interface; h 2 is the average thickness of the cell layer; r c is the average radius of a single cell; f is the measurement frequency; ρ 1 is the resistivity of cell cytoplasm; ε is the relative permittivity of the cell membrane; ε 0 is the vacuum permittivity, which is 8.85 Â 10 À12 F/m; and t and σ are the thickness and conductivity of the cell membrane, respectively.
The calculated impedance of a cell monolayer
The impedance of a cell monolayer (Z) is calculated as the sum of the impedance on current path, including the impedance from working electrode Z working , counter electrode Z counter , and cell culture medium R s , as shown in Eq. (7) .
where Z n is the specific impedance of the electrode-medium interface (unit Ωm 2 ), which can be calculated according to the parameters referred to [19, [37] [38] [39] [40] [41] ; S 1 and S 2 are the surface areas of the working and counter electrodes, respectively; S is the total surface area of the ECIS sensor, which contains the working electrode, counter electrode, and nonelectrode area; n is the number of cells seeded on the ECIS sensor; R s is the impedance of the culture medium, which can be calculated according to the parameters referred to [19, [42] [43] [44] [45] [46] [47] ; Z cell-sub is the impedance of the culture medium between the electrode-electrolyte interface and ventral surface of cell, which can be calculated by dividing the electric potential difference between the edge and center of a single cell by the total current flowing through and around the cell [19] .
The design of ECIS sensors for environmental monitoring
The design of ECIS sensors includes the dimensions of working electrodes and counter electrodes, and the distance between them is critical in environmental monitoring because those designing parameters will influence the detection sensitivity of ECIS sensors.
The design guideline of electrode dimensions of ECIS sensors
The radius of working electrode (R i ) and the distance between the edges of the sensing electrodes (d io ) can be optimized by using the mathematical model with the parameters related to cell morphology and electric properties and surrounding culture medium.
The relationship between the radius of working electrode (R i ) and cell impedance
During impedance measurements, ions move through the cell monolayer between the working and counter electrodes which follow many paths. The counter electrodes must have adequate sensing area in order to provide adequate circuit connection. The larger R i working electrode provides more current paths, which decreases the corresponding impedance. Higher impedance values can improve the data quality of the measured impedance by increasing signal-to-noise ratio, which is useful particularly for sensing small changes in cell behavior. However, the working electrode should not be too small in order to measure adequate number of cells and to guarantee sufficient cell-to-cell contact area.
In this study, the ECIS sensors with R i from 100 to 400 μm were fabricated to analyze the relationship between R i and measured cell impedance. Figure 2 illustrates the cell morphology on those sensors. The simulated cell impedance by using R i within the same range was also obtained from the mathematical model. The experimental and simulated impedance of cell were shown in Figure 3 . The simulated impedance curve matches the experimental data closely with maximum difference 13.29%, which is acceptable when considering the fluctuation of measured impedance. The consistency of the simulated impedance with the experimental impedance validates this model's ability to optimize the R i according to the range of measured cell number and expected output impedance level during sensor designing.
The relationship between the distance between the edges of the sensing electrodes (d io ) and cell impedance
The distance between the edges of the sensing electrodes (d io ) is another factor that should be considered in designing ECIS sensors. Figure 4 shows the experimental impedance and the simulated impedance with different d io . The average experimental impedance slightly changed from 12.50 to 12.52 KΩ, when d io changed from 1000 to 3500 μm. The simulated impedance was calculated by using Eq. (7). Relationships between R i and experimental impedance, and between R i and simulated impedance at 8000 Hz (n = 4 $ 6, d io = 3.5 mm).
d io only slightly influences the simulated impedance because the natural logarithm of the quotient of R i þ d io ð Þand R i makes the influence of d io on simulated impedance more slightly in Eq. (7). The simulated impedance is consistent with the experimental data with maximum difference 0.63%, which validates the model. The experimental and simulated impedance indicates that d io in the range of 1000-3500 μm has only a little influence on the impedance because d io influenced the impedance of medium, which is only a small portion of measured impedance. Thus, d io cannot dramatically influence the measured impedance. However, d io should be large enough to avoid the current bypassing the cell monolayer between sensing electrodes.
The influence of electrode dimensions on the detection sensitivity of ECIS
Detection sensitivity reflects the fineness of impedance response to the changes of cell behavior in cell-based assay environmental monitoring. The detection sensitivity of ECIS sensors is influenced by R i . According to the previous experimental results, ECIS sensors with R i larger than 200 μm do not respond sensitively and quickly on cell morphology changes. So, ECIS sensors with R i of 100 and 150 μm were fabricated to study the influence of R i on the detection sensitivity. Cell densities, 90,000, 100,000, and 110,000 cells/cm 2 , were used to study the relationship between cell density and impedance. Figure 5 shows the impedance shifts versus the cell density changes with R i of 100 and 150 μm. Figure 6 shows the corresponding cell morphology on different ECIS sensors. When the cell density changes are 10,000 cells/cm 2 (from 90,000 to 100,000 cells/cm 2 ), the impedance increased 597 and 350 Ω for the sensors with R i of 100 and 150 μm, respectively. When the cell density changes are 20,000 cells/cm 2 (from 90,000 to 110,000 cells/cm 2 ), the impedance increased 1336 and 880 Ω for the sensors with R i of 100 and 150 μm, respectively. The experimental results indicate that the sensors with larger R i illustrate less impedance changes with the same amount of cell density changes. Therefore, the sensors with smaller R i are able to detect more sensitive changes in cell density. Therefore, ECIS sensors with smaller dimension working electrodes illustrate better detection sensitivity on changes in cell density. Another benefit is that smaller R i requires fewer cells in cell-based assays.
Based on the analysis above, the ECIS sensors with R i of 100-125 μm and d io of 3.5 mm are preferred in environmental monitoring because R i of 100-125 μm will allow the ECIS sensors to be sensitive to sense the cell morphology changes due to environment influence and own good anti-interference ability. The area of counter electrodes should be as large as possible to guarantee sufficient contact area between electrode and cells. d io of 3.5 mm is enough to avoid the current bypassing the cell layer in ECIS measurements. 
Figure 6.
Cell morphology with 90,000, 100,000, and 110,000 cells/cm 2 cell densities on ECIS sensors (R i = 100 μm and R i = 150 μm).
4. Fabrication of ECIS sensor arrays
The fabrication of ECIS sensors can follow different photolithography techniques. The substrates are usually nonconductive materials, includes glass, printed circuit board (PCB) [1-4, 19, 23] , and polymer including polydimethylsiloxane (PDMS) [9] and polycarbonate [1-3, 18, 19] . The ECIS arrays were fabricated on glass by thin film deposition and lift-off photolithography technique, as shown in Figure 7 . Initially, the photoresist AZ5214E (MicroChemicals, Somerville, NJ) was coated on glass slides with spinning coater at 2000 rpm. After baking on hotplate at 110°C for 50 seconds, the coated photoresist was exposure to ultraviolet (UV) light. Then, a reversal bake is carried out at 120°C for 2 minutes. Finally, UV light with intensity larger than 200 mJ/cm 2 was exposure on the photoresist pattern. The electrode pattern was created after immersing the slides with photoresist in the AZ 100 Remover (MicroChemicals, Somerville, NJ). The remover is able to dissolve the photoresist without the first exposure (image reverse). A 20-nm-thick chromium (Cr) followed by a 150-nm-thick gold (Au) was coated on the substrate to form the sensor's electrodes by thermal evaporation. The sensing electrodes were formed after the lift-off process. Then, the photoresist SU-8 (MicroChem, Westborough, MA) was used to cover the substrate except the sensing areas. The sensor arrays were treated with 95% sulfuric acid at 60°C for 15 seconds [48] followed by washing with deionized water (DI) and then treated with 8% (3-aminopropyl) triethoxysilane (APTES) at 50°C for 2 hours to improve the surface biofunctionality. Finally, cell culture wells (Lab-Tek 8-well culture wares) were glued onto the sensor array. Figure 8 shows the fabricated ECIS sensor array and its configuration. R i is the radius of the working electrode, R co is the outer radius of the 
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counter electrode, d io is the distance between the edges of the electrodes, and S 1 and S 2 are the areas of the working and counter electrodes, respectively.
The inherent impedance of the Au/Cr electrodes of fabricated ECIS sensors is measured by microwave probe station (Cascade Microtech Inc., Beaverton, OR) and impedance analyzer (Agilent 4294) as shown in Figure 9 . The maximum inherent impedance was 19 Ω at 8000 Hz, which is much lower than the measured cellular impedance of thousands of ohms. Thus, the inherent impedance of the sensor can be neglected.
The application of ECIS sensors in environmental monitoring

Cell culture and preparation
Bovine aortic endothelial cells (BAECs, VEC Technologies, Rensselaer, NY) were used in this study. The BAECs were cultured in minimum essential medium (MEM, GIBCO, Grand Island, NY) with 10% fetal bovine serum (FBS, GIBCO, Grand Island NY) under standard mammalian cell culturing conditions (37°C and 5% CO 2 ). Confluent BAEC were trypsinized to detach the cells from the cell culture flasks to prepare the cell suspension. Then, the cell suspension was centrifuged on the bottom of centrifuge tube followed by aspirating off the upper supernatant. Finally, certain amount of cell culture medium was added into centrifuge tube to prepare specific concentration of the cell suspension.
Toxicant preparation
This study investigated the toxicant detection by using the ECIS sensors. The toxicants used in this study are phenol (RICCA, Arlington, TX), ammonia (Acros Organics, Fair Lawn, NJ), nicotine (Fisher Scientific, Hanover Park, IL), and aldicarb (SPEX CertiPrep, Metuchen, NJ). All the toxicants were diluted with Dulbecco's phosphate-buffered saline (DPBS, Mediatech, Inc., Manassas, VA). The osmolarity of diluted toxicant solution was considered to be in the suitable range for cell culture because the small volume of toxicants added into DPBS will not change the concentration of essential ingredients of DPBS dramatically.
Experimental system setup
Impedance analyzer Agilent 4294 and ECIS measurement system (Applied Biophysics, Troy, NY) was used to measure the cell impedance. The AC signal applied to the cells was monitored by using Tektronix oscilloscope DPO2014B. Two MAXIM DG408 Multiplexers, controlled by an NI USB-6008 multifunction data acquisition card, were used as a 16-channel multiplexer between the impedance analyzer and the sensor arrays. The NI USB-6008 and Agilent 4294 were controlled by LabVIEW programs to perform the data acquisition shown as Figure 10 . The ECIS sensor arrays, covered with BAECs on the sensing electrodes, were kept in an incubator with 37°C and 5% CO 2 during the impedance measurement.
Optimization of cell seeding density and measurement frequency
The cell seeding density and measurement frequency are need to be optimized to obtain reasonable measurement results. BAECs were seeded with different cell densities of 150,000, 125,000, and 100,000 cells/cm 2 on ECIS sensor. The impedance values were recorded and normalized in the initial 46 hours after seeding onto the ECIS sensor array, as shown in Figure 11 . The morphology of cells with seeding density 125,000 cells/cm 2 at different time points was also shown in Figure 11 . The cells gradually spread on the surface of ECIS sensors after seeding and eventually form a monolayer with stable impedance. The cell impedance gradually increased in the initial 8-20 hours, which indicates the initial formation of a loose monolayer and stable up to the end of the impedance measurements. The cell morphology was checked under microscope frequently. The corresponding impedance readings were used to represent the impedance of the cell monolayer for cell-based assays. In Figure 11 , the impedance of cell monolayer with higher seeding densities increases more rapidly than cells with lower seeding densities because higher seeding densities allow the cells to have tighter and stronger intercellular junctions and the corresponding ion insulating abilities are better. The impedance of cells with the highest seeding density, 150,000 cells/cm 2 , decreased after initial formation (around 8 hours) of cell monolayer due to the cell movement on the surface of ECIS sensors. Also, the impedance of cells with 150,000 cells/cm 2 seeding density is not stable as those with 125,000 and 100,000 cells/cm 2 seeding densities. The cells with a seeding density of 100,000 cells/cm 2 need 20 hours to be confluent and have low impedance compared with those with higher seeding densities. Hence, the cell seeding density, 125,000 cells/cm 2 , was chosen as the preferred seeding density in the toxicity testing.
The optimal measurement frequency allows the sensors to obtain the largest difference in measured impedance between a sample with and without cells [19] . In this study, the impedance of cell monolayer was measured with different frequencies from 500 Hz to 64 kHz. The optimal measurement frequency was optimized to be 8000 Hz in experimental measurements.
Toxicity testing
The ECIS sensors need to be prepared before the toxicity testing. ECIS sensors were cleaned by oxygen plasma to provide a sterilized surface for cell seeding. Then phosphate-buffered saline (PBS, GIBCO, Grand Island, NY) was used to clean the sensor surface again. Before cell seeding, 30 μg/ml fibronectin (GIBCO, Grand Island, NY) was coated on the surface of the sensors to improve cell attachment. BAECs were seeded onto each sensor with a seeding density of 125,000 cells/cm 2 . The cell morphology was checked under microscope. The selected toxicants were introduced to each well to perform toxicity testing after monolayer formation. Figure 12 shows normalized impedance response after introducing 0.1 and 0.2 mM aldicarb and the cell morphology after introducing 0.2 mM aldicarb. Some of the cells detached from the substrate. The normalized impedance decreases to 0.84 and Figure 12 .
The normalized impedance of BAEC exposed to aldicarb.
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The Modeling, Design, Fabrication, and Application of Biosensor based on Electric Cell… DOI: http://dx.doi.org/10.5772/intechopen.81178 0.76 times its original impedance value within 3 hours when treated with 0.1 and 0.2 mM aldicarb, respectively. The cell morphology changed and even detached from the sensors. Figure 13 shows the normalized impedance response after introducing 0.1 and 0.2 mM phenol as toxicant. The BAEC detached from substrate after introducing 0.2 mM phenol. The decreasing impedance curves indicate the toxic effect on BAECs. The normalized impedance values rapidly decreased to 0.80 and 0.74 times its original impedance value within 2 hours when treated with 0.1 and 0.2 mM phenol, respectively. The image shows the cells obviously detached from the sensor. Figure 14 shows the normalized impedance response after introducing 2 and 5 mM ammonia as toxicant. Those lines shows that the normalized impedance values rapidly decreased to 0.78 and 0.68 times its original impedance value within 1 hour when treated with 2 and 5 mM ammonia, respectively. The image shows the cell morphology after 1 hour after introducing ammonia. The cells morphology changed and very easily detached from the sensor substrate. Figure 15 shows the Figure 13 . The normalized impedance of BAEC exposed to phenol. Figure 14 . The normalized impedance of BAEC exposed to 2 mM and 5 mM ammonia, and the image shows the BAEC morphology after exposure to 5 mM of ammonia.
normalized impedance of BAEC after exposing to 0.8 and 1.3 mM nicotine as toxicant. The normalized impedance rapidly decreased to 0.92 and 0.75 times its original value within 2 hours when treated with 1.3 and 0.8 mM nicotine, respectively. The image shows the BAEC morphology after exposed to 1.3 mM nicotine. Most of the cell detached from the sensor due to the toxic effect of nicotine.
The cell morphology and decreasing impedance curves indicate the toxic effect and the effectiveness of ECIS sensing on environmental monitoring within short period of time. Different concentrations of toxicants are qualified according to the gradients of normalized impedance. ECIS sensing technique is able to perform environmental monitoring effectively and efficiently compared with other approaches.
Conclusions
In this study, the biosensors based on ECIS sensing technique were used to monitor and measure the environmental toxicants, including the phenol, ammonia, nicotine, and aldicarb. A model, validated by experimental results, was created to analyze the electric potential distribution of ECIS sensing and guide the designing, especially the sensing area of sensor electrodes. The detection sensitivity of ECIS sensors was optimized. The experimental results show that ECIS sensors are capable to detect and qualify the environmental toxicants rapidly. The concentration of toxicants can be indicated from the gradients of normalized cell impedance.
